Chemical vapor deposition ͑CVD͒ has been used to grow sulfur doped diamond films on undoped Si and single crystal HPHT diamond as substrates, using a 1% CH 4 /H 2 gas mixture with various levels of H 2 S addition ͑100-5000 ppm͒, using both microwave ͑MW͒ plasma enhanced CVD and hot filament ͑HF͒ CVD. The two deposition techniques yield very different results. HFCVD produces diamond films containing only trace amounts of S ͑as analyzed by x-ray photoelectron spectroscopy͒, the film crystallinity is virtually unaffected by gas phase H 2 S concentration, and the films remain highly resistive. In contrast, MWCVD produces diamond films with S incorporated at levels of up to 0.2%, and the amount of S incorporation is directly proportional to the H 2 S concentration in the gas phase. Secondary electron microscopy observations show that the crystal quality of these films reduces with increasing S incorporation. Four point probe measurements gave the room temperature resistivities of these S-doped and MW grown films as ϳ200 ⍀ cm, which makes them ϳ3 times more conductive than undoped diamond grown under similar conditions. Molecular beam mass spectrometry has been used to measure simultaneously the concentrations of the dominant gas phase species present during growth, for H 2 S doping levels ͑1000-10 000 ppm in the gas phase͒ in 1% CH 4 /H 2 mixtures, and for 1% CS 2 /H 2 gas mixtures, for both MW and HF activation. CS 2 and CS have both been detected in significant concentrations in all of the MW plasmas that yield S-doped diamond films, whereas CS was not detected in the gas phase during HF growth. This suggests that CS may be an important intermediary facilitating S incorporation into diamond. Furthermore, deposition of yellow S was observed on the cold chamber walls when using H 2 S concentrations Ͼ5000 ppm in the MW system, but very little S deposition was observed for the HF system under similar conditions. All of these results are rationalized by a model of the important gas phase chemical reactions, which recognizes the very different gas temperature profiles within the two different types of deposition reactor.
I. INTRODUCTION
The many extreme physical and mechanical properties 1, 2 of thin film diamond grown by chemical vapor deposition ͑CVD͒ have led to interest in such films for use in electronic devices. Such devices would be mechanically durable and also present less of a heat management problem than silicon based examples because of the high thermal conductivity of diamond. Boron doped CVD diamond films with p-type semiconductor properties are grown routinely by the addition of B-containing gases such as diborane to the standard CVD gas mixture ͑1% CH 4 /H 2 ͒.
3 Such films find use in UV detectors 4 and as electrodes for harsh electrochemical applications ͑e.g., highly acidic solutions͒. 5 However, obtaining n-type semiconducting diamond films by CVD has proved more challenging, mainly due to the fact that suitable donor atoms ͑e.g., P, O, and As͒ are larger than carbon, making incorporation into the diamond lattice unfavorable. Nitrogen readily incorporates into CVD diamond films during growth, but the resulting donor levels are too deep ͑1.7 eV͒ for many electronic applications. 6 Phosphorus doped diamond films exhibiting n-type semiconductor properties have been grown, 7 but again, these exhibit poor conductivity and crystal quality making them unsuitable for some device applications. 8 The technique of ion implantation using donor elements such as Li, Na, and P has been utilized in unsuccessful attempts 9, 10 to obtain diamond films with n-type semiconducting properties. However, Hasegawa et al. 11 report that sulfur ion implantation in CVD homoepitaxial diamond ͑100͒ films leads to n-type conductivity, as demonstrated by Hall effect measurements. This group also fabricated a p-n junction by combining p-type ͑B doped by CVD͒ and n-type ͑sulfur doped by ion implantation͒ homoepitaxial diamond and confirmed its characteristics by I -V and C -V measurements.
Barber and Yarbrough 12 have shown that diamond growth is possible using mixtures of a few percent CS 2 diluted in hydrogen, within a hot filament CVD ͑HFCVD͒ reactor. Although no electronic measurements were conducted, their work has encouraged several subsequent investigations of H 2 S as another possible source of sulfur for in situ doping of CVD diamond films.
Microwave plasma enhanced CVD ͑MPCVD͒ has been reported by Sakaguchi et al. [13] [14] [15] to yield semiconducting, homoepitaxial diamond films exhibiting n-type behavior by H 2 S addition to the 1% CH 4 /H 2 gas mixture. They found that small H 2 S additions (ϳ100 ppm) improved crystallinity, but further increases in H 2 S concentrations led to a decrease in crystallinity. Film growth rate was also seen to decrease with increased H 2 S addition, however, the quality of the films ͑as measured by Raman spectroscopy͒ was found to be relatively insensitive to changes in H 2 S addition. Hall mobilities for films produced using H 2 S doping levels of 50-100 ppm were found to be relatively high (597 cm 2 V Ϫ1 S Ϫ1 ), suggesting that doping with S by this method might finally prove to be the route to n-type CVD diamond with useful electronic properties.
More recently, however, another group 16 repeated measurements on these samples and attributed this mobility to the presence of boron impurities within the film. They also found that the sign of the charge carriers was positive ͑i.e., the films exhibited p-type, not n-type semiconducting properties͒. However, the NIRIM group still maintain that their samples are truly n type, and have backed up this claim with further samples ͑which do not contain B͒ and Hall measurements made in independent laboratories which give the required negative coefficient. 17 Nevertheless, it is fair to say that there is still some controversy surrounding the ability of H 2 S doping to produce n-type conducting CVD diamond.
Most of the work involving n-type doping of CVD diamond has focused on the electronic properties of the resultant films, rather than the gas phase chemistry leading to deposition. Dandy 18 presented simple thermodynamic equilibrium calculations for H 2 S/CH 4 /H 2 gas mixtures, and concluded that the probable sulfur precursor dopant species was the SH radical, rather than the more stable species CS. To date, however, no experimental measurements of gas phase species concentrations present during the growth of sulfur doped CVD diamond films from H 2 S have yet been reported.
Molecular beam mass spectroscopy ͑MBMS͒ is a powerful technique for carrying out such measurements. Hsu 19 pioneered the use of MBMS to investigate diamond MWCVD using CH 4 /H 2 gas mixtures. In his experiment, the gas was sampled via an orifice in the substrate, allowing analysis of the composition of the flux incident to the diamond growing surface. Later work in our group used MBMS to sample gas directly from the plasma, thus probing the gas phase chemistry in isolation, with minimum perturbation from gas-surface reactions. We have used this powerful technique to obtain absolute mole fractions of the gas phase species present in both hot filament [20] [21] [22] [23] and microwave systems 24 -26 for a variety of gas mixtures and dopant gas additions. We now report the results of using MBMS to make in situ measurements of species mole fractions, as a function of both input gas composition and temperature, for both microwave ͑MW͒ and hot filament ͑HF͒ activation of the gas phase chemistry, using gas mixtures suitable for producing S-doped diamond.
II. EXPERIMENT

A. Growth experiments: Hot filament CVD
The deposition chamber was a standard hot filament CVD reactor employing a coiled 0.25-mm-thick Ta filament ͑maintained at ϳ2200°C͒ to activate the gas mixture. The substrate was placed 5 mm below the filament on a heated substrate holder (900°C). The chamber pressure was 20 Torr and duration of growth was 8 h. The feedstock gases used were H 2 ͑99.999% purity͒, CH 4 ͑99.999% purity͒, and H 2 S ͑99.5% purity͒. To obtain gas phase H 2 S levels below 1000 ppm, a cylinder of 1% H 2 S in H 2 was employed and further diluted by use of appropriate flow rate ratios regulated by mass flow controllers. Total gas flow was maintained at 200 sccm.
Films were deposited on both p-doped ͑resistivity ϳ1 -10 ⍀ cm͒ and undoped single crystal ͑100͒ silicon wafers ͑resistivity ϳ2.3ϫ10
5 ⍀ cm͒, manually preabraded with 1-3 m diamond grit. All deposition runs reported here used a 1% CH 4 /H 2 gas mixture with H 2 S additions over the range 0-5000 ppm.
B. Growth experiments: Microwave plasma CVD
Diamond deposition was performed using a 1.5 kW ASTeX-style 2.45 GHz microwave plasma CVD reactor. The double-walled chamber was water-cooled and contained a Mo substrate holder. For experiments using H 2 S or CS 2 additions, this Mo substrate holder was covered using a blank Si wafer, since it has been reported that hot Mo possibly acts as a sink for gas phase S species, scavenging them and reacting to form solid MoS 2 . 17 Substrates ͑as outlined above͒ were placed on an alumina plate on top of this Si cover wafer and were thus elevated about 1 mm into the plasma, enabling automatic heating of the substrate to ϳ900°C ͑as measured by a two color optical pyrometer͒. The chamber pressure was 40 Torr with an applied microwave power of 1 kW, with deposition lasting 8 h. In addition to the H 2 S/1% CH 4 /H 2 mixtures outlined above, experiments were performed using a 0.5% CS 2 /H 2 gas mixture ͑using the vapor pressure above a liquid sample of CS 2 ͒. All the films were exposed to a 10 min hydrogen plasma after growth to ensure a consistent H-terminated surface suitable for reproducible electrical measurements.
It is important to mention that neither the HF reactor mentioned earlier, nor the MW chamber had ever been used for processing boron-containing samples, nor had any B-containing gases ever been introduced into them. Thus they were completely B-free, so removing the chance of accidental contamination of the samples with B.
C. Film analysis
Films were examined using scanning electron microscopy ͑SEM͒ to determine crystal morphology and thickness and by 514.5 nm (Ar ϩ ) laser Raman spectroscopy ͑LRS͒ to assess film quality. The HF-grown films were analyzed by x-ray photoelectron spectroscopy ͑XPS͒ at NIRIM using Al K␣ excitation, whereas the MW-grown films were analyzed in Bristol using Mg K␣ excitation. Charging of insu-lating films was minimized by use of an electron flood gun, and any remaining charging effects were counteracted by offsetting the energy scale with respect to the known values for carbon peaks. The absolute values for the sulfur content ͑i.e., S:C ratio͒ of the films was calculated by comparison of the areas of selected S peak͑s͒ and C peak͑s͒, following calibration using the sensitivity factors 27 appropriate for each element. Films were also analyzed by secondary ion mass spectrometry ͑SIMS͒ 28 to check for impurities such as B which might affect the electrical properties of the film.
The resistivity of the films was determined by four point probe 29 measurements. Being a technique which relies upon surface contacts, this will measure the surface conductivity of diamond, rather than the conductivity through the bulk. Care was therefore taken to ensure that the surface properties of each of the diamond samples was treated identically during deposition, so that any changes in surface conductivity would be due to the presence of S within the film and not processing variations. The values of sheet resistance obtained by this method ͑following the procedure outlined in Ref. 29͒, were typically in the range 10 5 -10 6 ⍀ square Ϫ1 , and were then converted to film resistivity by multiplying by the film thickness as measured by cross-sectional SEM.
Hall effect measurements ͑at Bath University, Cambridge University, and University College London͒ were also attempted in order to determine the semiconducting properties of the films. Previous experience with Hall measurements showed that S-doped films grown epitaxially on single crystal ͑HPHT͒ diamond substrates were dominated by the conductivity of the substrate, which was slightly semiconducting due to B or N impurities. Therefore all Hall measurements were made using films grown on high resistivity undoped Si in order to prevent the substrate from influencing the results. This does mean, though, that care should be taken when comparing the electrical results of our polycrystalline heteroepitaxially grown diamond films with those from single-crystal epitaxially grown films reported elsewhere.
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D. MBMS
A full description of the MBMS system and gas sampling technique has been published previously, 24 but a brief outline will be given here. A two stage differential pumping system was used to sample gas ͑at 20 Torr͒ from the side of the microwave plasma ball ͑or at a distance of 5 mm from the hot filament͒ via an orifice ͑ϳ100 m diameter͒ in a sampling cone. Although such an intrusive method is bound to perturb the plasma, the fact that the position of the plasma ball and the reflected microwave power level are insensitive to the presence of the probe suggest that this perturbation is minimal. Gas passing through this orifice experienced a pressure differential (20→10 Ϫ3 Torr) and underwent adiabatic expansion, forming a molecular beam in which chemical reactions were effectively frozen out. The molecular beam then passed through a collimating skimmer into a quadrupole mass spectrometer ͑Hiden Analytical͒ maintained at ϳ10 Ϫ6 Torr, whereupon gas phase species were ionized by electron impact. The electron ionization energy is userselectable in the range 4 -70 eV. The electron ionizer energies used to detect each species were H 2 , CH 4 and CS 2 16 .0 eV, C 2 H 2 13.2 eV ͑to minimize contributions to the m/e ϭ26 signal due to the cracking of C 2 H 4 occurring above 13.5 eV͒, H 2 S 13.2 eV, CS 13.6 eV ͑to minimize signal from CO 2 occurring above 13.8 eV͒, and CH 3 13.6 eV ͑to reduce signal from cracking of CH 4 above 14.3 eV͒.
All MBMS experiments were performed in the microwave chamber, first with gas being sampled from the microwave plasma ball, and then, after modifications to the apparatus, from the area surrounding a filament analogous to that used in the HF growth experiments, outlined above. During the latter studies, the filament temperature was monitored via a two color optical pyrometer. Two sets of experiments were performed in which measurements of species mole fractions were made in both the MW and HF activation environments. First, H 2 S ͑0-10 000 ppm͒ was added to a 1% CH 4 /H 2 gas mixture keeping the filament temperature, T fil , and MW power constant at 2200°C and 1 kW, respectively. Second, a 1% CS 2 /H 2 mixture was introduced into the chamber, and either the temperature of the HF or the applied MW power was varied. The effect of varying T fil on species mole fractions was also investigated for a 0.5% H 2 S/1% CH 4 /H 2 gas mixture. The chamber pressure for all MBMS experiments was 20 Torr and in all cases ͑MW or HF͒ the probe was positioned at the same radial distance ͑from either the center of the MW plasma or the HF͒ as the substrate during deposition.
Data collected from the mass spectrometer were converted into mole fraction values, the correction and calibration procedures being identical to those used in previous MBMS studies. [20] [21] [22] [23] [24] [25] 
III. RESULTS
A. Hot filament deposition results
Figures 1͑a͒-1͑c͒ show that there is little change in film morphology between samples deposited with 100, 6000, and 10 000 ppm H 2 S addition to a HF activated 1% CH 4 /H 2 gas mixture. All films exhibit well-defined microcrystalline facets. There was also no significant change in film growth rate with increased input H 2 S, as illustrated by Fig. 2 . No evidence for S incorporation was found for any of the films when examined by SIMS. However, for films grown using a gas phase H 2 S concentration of Ͼ6000 ppm, XPS analysis revealed trace amounts of S present, but the size of the signal associated with the sulfur 2p peaks at 162 and 163 eV was too small to allow the S content to be quantified accurately. These peaks were found to be shifted by 6 eV ͑from the average literature value for S-containing molecules of 162 eV͒ to 169 eV. This is a much larger shift than has been previously reported, which are normally between 1 and 2 eV from the average value depending upon the exact environment of the S within the molecule. We note that XPS averages the signal over the whole area of the substrate (1 cm 2 ), and so the position of the S within the film cannot be determined. Depth profiling, however, shows that the S is uniformly distributed throughout the film thickness, and is not just present at the surface, but the spatial resolution of the technique is insufficient to determine if the S is concentrated in say, grain boundaries. As expected, neither XPS nor SIMS showed any evidence of B contamination. Hall effect measurements proved unsuccessful due to the high room temperature resistivity of these films (ϳ300 ⍀ cm) so it is therefore still unclear what the semiconducting properties ͑if any͒ of these samples are. The main conclusions seem to be that these levels of HF activation do not provide a route to making S-doped diamond films.
B. Microwave plasma deposition results
In contrast with the films grown by HF deposition, Figs. 1͑d͒-1͑f͒ show that for MW deposited samples there is a pronounced variation in film morphology with increased H 2 S input level. Increasing the H 2 S input levels from 100 to 1000 ppm ͓Figs. 1͑d͒ and 1͑e͔͒ significantly increases the proportion of ͑100͒ oriented facets, whereas further increasing H 2 S levels to 5000 ppm ͓Fig. 1͑f͔͒ results in the crystal facets taking on a rounded appearance. It was also observed that additions of over 1000 ppm H 2 S to the plasma caused the deposition of a layer ͑ϳ0.5-mm-thick after a few hours͒ of yellow powdery sulfur on the colder parts of the chamber, such as the walls and windows. Although S deposition was also encountered during the HF growth experiments, it only occurred with the highest H 2 S concentrations ͑above 5000 ppm͒, and the rate of deposition was estimated to be about ten times smaller than that seen in the MW system. Some of this difference in behavior may be attributable to the lower total power levels in the HF system ͑300 W͒ compared to the MW system ͑1 kW͒ but it also hints at significant differences in the gas phase chemistry between the two systems. Figure 2 illustrates the fall in film growth rates with increased H 2 S levels. This observation has been made by others 15 but over a smaller range of H 2 S concentrations, although the reported effect was more pronounced. The quality of the diamond films was measured by LRS, as presented in Fig. 3 . Here the quality of the films ͑i.e., the ratio of sp 3 :sp 2 carbon bonding͒ is taken to be the ratio of the height of the diamond peak at 1332 cm Ϫ1 , H d , to the height of the graphite band at 1550 cm Ϫ1 , H g . Both heights are measured relative to an ͑estimated͒ underlying spectral background attributed to photoluminescence. 30 The photoluminescence background did not show any evidence for N-V centers at 575 or 637 nm, indicating no inadvertent contamination of the films by nitrogen. Figure 3 shows a decline in film quality with increased H 2 S addition, although it should be noted that even the most highly doped sample ͑5000 ppm H 2 S FIG. 1. SEM micrographs for films grown using 1% CH 4 /H 2 gas mixtures with H 2 S additions of ͑a͒ 100, ͑b͒ 6000, and ͑c͒ 10 000 ppm in a HF reactor, and ͑d͒ 100, ͑e͒ 1000, and ͑f͒ 5000 ppm additions in a MW plasma reactor. 3 . Plot of film quality vs H 2 S addition for films deposited from a 1% CH 4 /H 2 MW plasma. The insert shows the laser Raman spectrum ͑514.5 nm excitation͒ for a sample grown using 5000 ppm input H 2 S. Film quality ͑i.e., the ratio of sp 3 :sp 2 carbon bonding͒ is defined as the ratio of the height of the diamond peak at 1332 cm Ϫ1 , H d , to the height of the graphite band at 1550 cm Ϫ1 , H g . Both heights are measured relative to an ͑esti-mated͒ underlying spectral background attributed to photoluminescence. Other conditions as given in Fig. 1. addition͒ is still found to be of high quality, as indicated by the presence of a pronounced diamond peak in its Raman spectrum shown in the inset. Figure 4͑a͒ shows XPS results for MW grown films. A linear increase in the %S detected in the films with increased H 2 S concentrations is seen, although only for dopant levels over 100 ppm ͑since below this value the S in the films was below the XPS detection limit͒. The sulfur 2p peak ͑com-pared to the literature value͒ for all films was observed to be shifted by ϳ1 eV to higher energy. This is a much smaller shift than was seen for the HF deposited film ͑with 6000 ppm H 2 S in the gas phase͒, suggesting that S may be present in different bonding forms in the two types of sample. Sulfur is present in much higher levels in the films grown using MW activation compared to those grown using HF activation, with values up to 0.2% being obtained. However, Fig. 4͑a͒ also shows that even at this level the S/C ratio in the deposited films is only ϳ1/200 that in the input gas mixture; the remainder is presumably pumped away or depositing as solid S on the walls of the reactor. Again, neither XPS nor SIMS showed any evidence of contamination by B or other unexpected n-or p-dopant atoms.
Four point probe measurements of film resistivity at room temperature are presented in Fig. 4͑b͒ and show the films to have significant resistance with values which are in the range usually observed for as-deposited or H-terminated CVD diamond films. 31 This may reflect the defective, polycrystalline nature of these heteroepitaxially grown films. A clear drop in resistivity is observed between undoped ͑744 ⍀ cm͒ and doped samples ͑100 and 1000 ppm H 2 S, ϳ200 ⍀ cm͒. The small rise in resistivity between the 1000 and 5000 ppm H 2 S samples is probably due to the presence of additional grain boundaries containing impurities in the more highly doped films. Unfortunately, Hall effect measurements proved unsuccessful due to the high resistivity of these films, so the semiconducting properties of these samples remain unclear.
A film was also grown on Si using a 0.5% CS 2 /H 2 gas mixture. The film was found to give a clear diamond Raman peak at 1332 cm Ϫ1 and exhibited good crystallinity ͓identical in appearance to that shown in Fig. 1͑e͔͒ . Although sulfur was detected in the film ͑at an S/C ratio of ϳ0.16% as measured by XPS, i.e., an S/C ratio only ϳ1/1000 that in the input gas mixture͒, four point probe measurements showed the sample to be significantly more resistive than the S-doped examples from H 2 S/1% CH 4 /H 2 gas mixtures, suggesting that a little S incorporation into the lattice had occurred. As for H 2 S additions, a layer of S was deposited on the cool chamber walls. Figure 5 shows how the mole fractions of the species: CH 4 , CH 3 , C 2 H 2 , H 2 S, CS 2 , and CS vary with increased H 2 S addition ͑0-10 000 ppm͒ for both ͑a͒ HF and ͑b͒ MW activation. In the HF experiment ͑sampling gas 5 mm from the filament maintained at 2200°C͒, the CH 4 and C 2 H 2 mole fractions both reduce slightly with increased H 2 S addition ͓as shown in Fig. 5͑a͔͒ , whereas the mole fractions of H 2 S and CH 3 rise. Unsurprisingly, the mole fraction of H 2 S measured in the gas phase is found to be proportional to the input concentration of H 2 S in the feedstock gas mixture. At higher FIG. 4 . Plots of ͑a͒ %S content ͑as measured by XPS͒ and ͑b͒ resistivity ͑as measured by four point probe͒ of films vs H 2 S addition to a 1% CH 4 /H 2 MW plasma. 4 /H 2 gas mixture for gas sampled from ͑a͒ a distance of 5 mm from a hot filament and ͑b͒ the edge of a MW plasma ϳ23 mm from the plasma center. Conditions: 20 Torr, 1 kW applied microwave power and filament temperature of 2200°C. ͑᭹͒ CH 4 , (ϫ) C 2 H 2 , ͑᭡͒ CH 3 , ͑ᮀ͒ H 2 S, ͑᭝͒ CS 2 , and ͑᭺͒ CS.
C. MBMS
FIG. 5. MBMS results of species mole fraction vs H 2 S addition to a 1% CH
H 2 S input fractions, CS 2 is also present as a result of gas phase reactions, but the CS radical is not detected. In contrast, the addition of H 2 S into a 1% CH 4 /H 2 MW plasma ͓Fig. 5͑b͔͒ causes a significant reduction in CH 4 , C 2 H 2 , and CH 3 mole fractions. H 2 S and CS 2 are seen to rise with increased H 2 S addition with a measured CS 2 /H 2 S ratio of ϳ2, and significant amounts of CS are now measured, in quantities comparable to those from CS 2 .
Returning to HF activation, the dependence of species mole fraction on T fil is illustrated by Fig. 6 . Mole fractions of both CH 4 and H 2 S are seen to decrease for T fil Ͼ1400°C whereas C 2 H 2 and CS 2 concentrations rise in this temperature region.
Presented in Fig. 7 is the dependence of species mole fraction on ͑a͒ filament temperature and ͑b͒ applied microwave power, for a 1% CS 2 /H 2 gas mixture. In the HF experiment a clear decrease in CS 2 concentrations is observed, along with a rise in H 2 S, CH 4 , and CH 3 mole fractions for T fil Ͼ800°C. Increasing applied microwave power, over the range illustrated by Fig. 7͑b͒ , has little effect on the relative concentrations of all species. Again CS 2 and H 2 react together to form H 2 S, CH 4 , C 2 H 2 , and CH 3 . No measurable amounts of CS were detected in either of the CS 2 /H 2 experiments. One interesting observation was that the CS 2 /H 2 plasma was larger in size than a H 2 S/1% CH 4 /H 2 plasma ͑for the same applied microwave power͒. In all five MBMS experiments no detectable levels of SH, S, or S 2 were observed.
IV. DISCUSSION
H 2 S addition to a 1% CH 4 /H 2 mixture in these experiments is seen to have very different effects depending upon whether the mixture is HF or MW activated. For diamond grown in a HF reactor, the addition of trace amounts of H 2 S has little effect on the crystallinity, growth rate, and quality of the films. Relatively high input levels ͑Ͼ5000 ppm H 2 S͒ are required in order to obtain even trace amounts of S within the films, and the films remain highly electrically resistive. In contrast, MW plasma CVD allows the incorporation of larger amounts of S ͑as indicated by XPS͒ at low H 2 S concentrations, although the incorporation efficiency is still low ͑i.e., the S/C ratio in the deposited films is only ϳ1/200 of that in the input gas mixture͒. The large XPS peak shift ͑6 eV͒ seen for the S-doped HF-deposited diamond film suggests that the trace amount of S present exists in an unusual bonding form that has not been seen in the XPS literature before. In contrast, the samples grown by MW deposition gave much smaller peak shifts (ϳ1 eV), suggesting that the S environment is similar to that seen in other C-S bonded systems, such as polyethylene sulfide (CH 2 -S-CH 2 ) n . The fact that the HF and MW grown films were analyzed using Al (K␣) and Mg (K␣) excitation, respectively, might account for the difference in peak shifts observed ͑although this seems unlikely͒. It therefore seems that there is some significant difference between these two deposition methods as implemented here, which affects both the likelihood and nature of S inclusion into the diamond lattice. Figure 5 shows a clear contrast in the gas phase chemistry between MW and HF activated CVD. In the HF system, upon addition of H 2 S to the 1% CH 4 /H 2 mixture, CS 2 is formed leading to a slight reduction in CH 4 ͑and therefore CH 3 ͒ concentrations. Importantly, the CS 2 /H 2 S ratio never exceeds unity and no CS is observed. In contrast, for MW plasmas the detected mole fraction of CS 2 is ϳ4 times that of H 2 S at all H 2 S additions. CS 2 and CS are detected in roughly equal amounts, and a much more significant reduction in CH 4 , C 2 H 2 , and also CH 3 is observed, presumably because the ''missing'' carbon is locked up in this CS/CS 2 reservoir. As significant concentrations of CS are detected in the MW plasma ͑which facilitates S incorporation͒ but not in the region around the HF ͑which gives little S incorporation͒, we speculate that CS is the species responsible for the inclusion of S into the diamond films. The observed drop in CH 3 FIG. 6 . MBMS plots of species mole fraction vs filament temperature for a 0.5% H 2 S/1% CH 4 /H 2 gas mixture. The gas was sampled at a distance of 5 mm from the filament and the pressure was maintained at 20 Torr. ͑᭹͒ CH 4 , (ϫ) C 2 H 2 , ͑ᮀ͒ H 2 S, and ͑᭝͒ CS 2 .
FIG. 7. MBMS plots of species mole fraction for a 1% CS 2 /H 2 gas mixture measured for various ͑a͒ filament temperatures and ͑b͒ applied microwave powers. Other conditions and gas sampling details are as given in Fig. 5 . ͑᭹͒ CH 4 , (ϫ) C 2 H 2 , ͑᭡͒ CH 3 , ͑ᮀ͒ H 2 S, and ͑᭝͒ CS 2 . mole fraction with increased H 2 S addition, the fall in MW deposited film growth rates, and the lack of such observations for the HF system are all to be expected given that CH 3 is believed to be the major diamond growth precursor in low pressure CVD reactors. 26, 32, 33 The reaction of H 2 S and CH 4 to form CS 2 is illustrated in Fig. 6 where, for an input gas mixture of 0.5% H 2 S/1% CH 4 /H 2 , the reduction in CH 4 and H 2 S concentrations and the increase in CS 2 , C 2 H 2 , and CH 3 mole fractions with filament temperature are observed at T fil Ͼ1400°C. The chemistry of these H 2 S/CH 4 /H 2 mixtures is summarized in Table I , where the major overall processes and individual step reactions are listed, along with their Gibbs free energies (⌬G reac ) at 1100 and 1600 K.
The dominant overall chemical process for these systems is reaction 1, in which CH 4 and H 2 S are in equilibrium with CS 2 and H 2 ͑with ⌬G reac of 23.6 and Ϫ85.0 kJ mol Ϫ1 at 1100 and 1600 K, respectively͒. The equilibrium constant ͑the ratio of product/reactant concentrations͒ for reaction 1 is Kϭ0.076 at a temperature of 1100 K and Kϭ595 at 1600 K ͑given that ⌬G reac ϭϪRT ln K͒.
͑ reaction 1 ͒.
At the higher temperatures, CS 2 then reacts with atomic H producing CS and SH ͑reaction 2͒ leading to a buildup of CS, as seen for the MW system. Table I shows that reaction 1 ͑formation of CS 2 from H 2 S and CH 4 ͒ is unfavorable ͑i.e., ⌬G reac Ͼ0͒ at lower gas temperatures (T gas ). T gas is known 34 to fall from ϳ2400 K at the HF to ϳ1800 K within a few m, and to ϳ1100 K at a distance of 5 mm from the HF ͑from where the gas is probed by MBMS and where the substrate is located for diamond growth͒. In contrast, within a representative 1% CH 4 /H 2 MW plasma the temperature does not vary considerably from the plasma center (T gas ϳ2200 K) 35 outwards to the plasma edge ͑T gas ϳ1600 K for a radial distance of ϳ23 mm͒, 24 where gas is sampled in the MBMS experiments ͑and where the substrate is positioned for growth͒. The temperature gradient within a MW reactor is therefore much shallower compared to that around a HF reactor, and the volume of gas with a temperature sufficiently high to favor formation of CS 2 ͑through reaction 1͒ is substantially larger within the MW plasma. Reactions 1 and 2 can therefore create CS 2 and CS, respectively, throughout the entire plasma region, and both these species will be present in significant concentrations at the growing diamond surface. However, in the HF system, the temperature drop away from the filament is so severe that except for very close to the filament the equilibrium ͑1͒ lies towards the left-hand side, CS 2 production is inefficient and so, as a result, is CS production ͑reaction 2͒. Thus the growing diamond surface in a HF system will see only those species responsible for normal CVD diamond growth ͑CH 4 , CH 3 , H atoms, etc.͒, as well as some H 2 S and CS 2 , but little or no CS. This results in diamond growth in HF systems being relatively unaffected by H 2 S addition and no S incorporation.
Another contrast between MW and HF deposition is the observation that for H 2 S concentrations over 1000 ppm the former results in the deposition of a layer of sulfur powder on the cool chamber walls, whereas no such problem is encountered in the HF system. One possible explanation for this is that, in the MW plasma, the SH radicals which are formed in the plasma via reaction 2 then diffuse out to the cooler regions of the reactor and there react with H to form S and H 2 ͑as in reaction 3͒. Reaction 4 shows an alternative route to sulfur deposition in which SH radicals recombine to form S 2 . In either case, the resulting ͑S or S 2 ͒ species may diffuse to, and deposit on, the chamber wall, or aggregate in the gas phase ͑catalyzed by the presence of a third body͒ to make larger S-containing clusters, prior to depositing onto the chamber walls. Evidence for this comes from the recent detection of excited S 2 radicals from H 2 S and CS 2 -containing MW plasmas using optical emission spectroscopy. 36 As discussed above, the production of CS ͑via reaction 2͒ and, with it, HS, is significantly larger within the MW plasma compared to the HF environment. The extra HS in the MW plasma relative to the HF environment leads to increased S and S 2 formation ͑via reactions 3 and 4͒ and consequently, increased deposition of sulfur.
Reaction 1 is an overall equilibrium consisting of many intermediate step reactions, in which the chemistry is initiated by H-abstraction from CH 4 and H 2 S to form CH 3 , SH, and H 2 ͑reactions 5 and 6͒. Both of these reactions are thermodynamically favored (⌬G reac Ͻ0) over the temperature range presented in Table I , although more so for H 2 S due to the lower bond dissociation energy for the H-S bond (399 kJ mol Ϫ1 ) compared with the C-H bond (435 kJ mol Ϫ1 ). 37 The CH 3 and SH radicals may then couple to form the predicted species CH 3 SH ͑reaction 7, ⌬G reac Ͻ0 for T gas ϭ1100-1600 K͒. Reaction 7 is predicted to be the major route to CH 3 SH as the alternative processes ͑i.e., reaction of either CH 3 and H 2 S, or SH and CH 4 , to produce CH 3 SH and H͒ are thermodynamically unfavorable (⌬G reac Ͼ0) for T gas ϭ1100-1600 K. Table I shows that, at T gas TABLE I. Selected reactions proposed for C/H/S gas mixtures within HF and MW diamond CVD reactors operating at ϳ20 Torr. Gibbs free energies of reaction, ⌬G reac , presented for 1100 and 1600 K are calculated using free energies of formation taken from Ref. 39 . The data for reactions 7-10 were computed from CCSD͑T͒/cc-pVTZ//MP2/6-311G** electronic structure calculations, with free energy corrections derived from the standard methods of statistical mechanics, together with MP2/6-311G* Ͼ1600 K, CH 3 SH can undergo successive H-abstraction reactions to yield CS ͑reaction 8͒. Although this overall process is much less thermodynamically favorable than the competing reaction 9 ͑attack by H to form CH 4 and SH͒, the initial abstraction of H ͑reaction 10͒ is favored. So once reaction 10 has occurred, successive abstractions of H will result in the formation of CS. This CS goes on to form CS 2 via ͑the favored͒ reaction 11. Figure 7 illustrates the multistep conversion of CS 2 and H 2 in the HF reactor to reform H 2 S and CH 4 . This is in effect the reverse of overall reaction 1 which, although unfavorable for T gas Ͼ1200 K, will be driven in the cooler regions of the reactor where H 2 and CS 2 concentrations are high ͑and are essentially the input gas mixture͒. Diffusion of the products into the hotter regions leads to the formation of CH 3 ͑the diamond growth species͒, thus allowing the deposition of diamond from such gas mixtures, as previously reported. 12 This process, whereby the input gases react prior to entering the hot region of the reactor, has many similarities with the mechanism for CH 3 production from HF activated C 2 H 2 /H 2 gas mixtures proposed in Ref. 38 .
It is interesting to note that, despite the high input concentration of CS 2 in the 1% CS 2 /H 2 gas mixture, no CS was detected in either the HF or MW MBMS experiments ͑Fig. 7͒. The reason for this may be that T gas is lower for the 1% CS 2 /H 2 plasma than the H 2 S/1% CH 4 /H 2 plasmas. This is indicated by the larger size of the plasma ball in the former case ͑at a fixed power input͒ resulting in a lower power density, and thus a lower average temperature, within the plasma. The formation of CS from CH 3 SH ͑reaction 8͒ becomes unfavorable for T gas Ͻ1200 K. The uncertainty in the calculation of ⌬G reac for this reaction is ϳ40 kJ mol Ϫ1 , corresponding to an error of ϳ200 K in the temperature quoted above. Reaction 8 is thus calculated to become unfavored thermodynamically within the range 1000ϽT gas Ͻ1400 K. If the outlying regions of the 1% CS 2 /H 2 plasma are within this temperature range, then the reverse reaction now becomes spontaneous. The resultant CH 3 SH then reacts with atomic H to produce CH 4 and SH ͑reaction 9͒. The residual HS radicals formed within the 1% CS 2 /H 2 MW plasma ͑via reaction 2 and the reverse of reaction 7͒ could then diffuse to the cooler regions of the chamber and react to form S and S 2 ͑see reactions 3 and 4͒, leading to the observed sulfur deposition on the cool chamber wall. Deposition from a 0.5% CS 2 /H 2 MW plasma yielded a diamond film of good crystal quality, containing ϳ0.05% sulfur ͑as detected by XPS͒ but with a resistivity significantly greater than that measured for the H 2 S grown examples. This indicates that in this case either ͑a͒ the S had not been incorporated into the diamond lattice in an electronically active form, or ͑b͒ there were an even greater number of compensating defects and acceptor states. This provides further evidence for the role of CS as a route to electronically active sulfur incorporation, since no CS was detected by MBMS in the CS 2 /H 2 plasma ͑as discussed above͒.
V. CONCLUSIONS
H 2 S has been added to 1% CH 4 /H 2 gas mixtures in both HF and MW activated CVD. Little effect on film morphology or growth rate was observed for HF grown diamond films, even at high doping levels ͑1% H 2 S in the gas phase͒, and little or no evidence was seen for S incorporation into these films. In contrast, deposition from MW plasmas yielded diamond films of which the morphology, degree of S incorporation, and electrical resistivities all varied with the level of H 2 S addition.
Detailed investigations of the gas composition in both MW and HF reactors using MBMS techniques have provided new insights into the fundamental chemistry occurring in the gas phase. A mechanistic interpretation of these experimental results has been proposed, using simple thermodynamic considerations, which accounts for the observed differences between the HF and MW diamond deposition techniques.
The present study suggests that CS may be responsible for the incorporation of S into the diamond lattice of CVD films grown from H 2 S/1% CH 4 /H 2 gas mixtures, and that the production of CS is crucially dependent upon the volume of gas that can attain a sufficient T gas for both the production of CS 2 and the subsequent buildup of CS to take place. This suggests that one route to larger S incorporation levels would be to use higher power MW systems or hotter deposition processes, such as arc jets, in which large volumes of gas acquire the necessary T gas .
However, even with S incorporation levels of 0.2%, the polycrystalline films were too resistive to be useful for electronic devices. This does not rule out the possibility that S may be acting as a true n-type dopant, however, since it is possible that in these polycrystalline films there are a great many defects which could act as compensating acceptors, soaking up the donated electrons from the S. Thus the films appear to be much more resistive than would normally be expected for a truly n-doped material. Unless this problem is solved, the implementation of S-doped diamond may be limited to single crystal homoepitaxial films, for which conductivities and carrier mobilities may be sufficient to allow the fabrication of useful electronic devices.
